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AN T'XPKRINENTAL INVESTIGATION OF THE "PREFIX" 
METHOD OF PRESTRESSING CONCRETE 
By: Frank Allen Mink, Jr. 
Advisor: Dr. H. C. Saxe 
ABSTRACT 
The purpose of this investigation was twofold* The first 
purpose was to determine whether the elastic theory, as it applies to 
beams of two materials, can be used to safely and acciirately predict the 
stresses and deflections which will occur in a beam which is prestressed 
by the preflex method. The second purpose was to determine what, if any, 
increase in moment carrying capacity is produced in a beam by preflexing 
it, when compared with the capacity of a plain steel bean encased in con-
crete. 
In the course of the investigation, two beams were prestressed 
by preflexing. Plain steel beams, simply supported, were loaded at their 
third points, and stressed to 70 percent of their yield strength. While 
so loaded, high early strength concrete i*as placed and allowed to cure 
around the tension flange. After curing the concrete for seven days, the 
loads were removed. Elastic recovery of the steel beams prestressed 
the concrete to approximately 2300 p.s.i. 
After the loads were removed, concrete was placed around 
the compression flange of one of the beams. The other beam had no con-
crete placed around its compression flange. 
A third beam, not prestressed was constructed as a control 
X 
beam. It was constructed of the rare materials and to the same dimensions 
as the preflexed beam with top fiance concrete* 
Each beam was subjected to a load test which measured its 
strength and deflection properties. Loads were applied at the third points 
of each beam^ and increased gradually until the beam failed. Strain and 
deflection of each beam were measured for each increment of load. 
Strain measurements indicated that the elastic theory can be 
safely used to predict stresses in preflexed beams during the preflexing 
operation and during the service life of the beam. Measurements taken to 
determine the amount and type of prestresr loss were inconclusive, and 
no recommendations concerning this subject can be made at this time. 
The load tests indicated that nrefl?xin£ greatly increased 
resistance to cracking of concrete in the tension flanges of the beams. 
The load which was necessary to cause cracking was more than doubled by 
preflr-xinr. The tests also indicated that beam strains and bearu deflec-
tions were substantially reduced by preflexinr. Preflexing had no effect 
upon the ultimate strength of the composite beams. 
As a result of the investigations, a tentative procedure for 
the design of preflexed beams was developed. Stresses which will occur 
in the various phases in the construction and service life of a preflexed 
beam are computed by the conventional flexural formula, and the transformed 
area method. The values of the sectiona] properties used in this formula 
are computed for an equivalent steel section for each phase in the life 
of a preflexed beam, ^he stresses caused in each phase are added to obtain 
the critical stress c rhich "over Lmensions of the nreflexed 
beam. 
Future re search, shoultf be directed towa rd deterro' nati on of the 
nrestress loss which will occur in a pr°51nxod bean, and toward 
ts of 1 ne loads. 
Approved 





Statement of the problem.—The purpose of this investigation was (1) to 
determine the accuracy with which the elastic theory may be used tn pre 
the stresses occurring in a b^am prestrp^sed by the prefler method, and 
(2) to compare the resistance to deflection and cra^kinp of a nreflexed 
beam with that of a similar non-preflexed boam. 
History of the problem»—Often, in the design of a structure, it is 
desirable to <̂ nô cp a steel beam c^mple+^jy in concrete* This may be 
necessary because of space limitations, ai"ehitê +rral considerations,fire-
proofing, corrosion conditions, OT* a tendency of the steel to buckle. 
When the steel is cohered by concrete in the conventional manner, the con-
crete on the tension flange of the composite beam cannot b*3 counted on 
for any moment resistance beco,ise of thp extremely low tensile strength of 
concrete, 
As a result of this inherent weakness of the concrete, crack form-
ation in the tensile region of* ordinary composite beams is unavoidable. 
These cracks are detrimental from the standpoint of structural efficiency, 
in that they permit corrosive materials +^ ^ n ^ in contact with the steel. 
Moreover, such cracks wh^n visible ^re unsightly, and detract from the 
esthetic qualities of such beams. 
'i'he development of p^^trp^^ concrete by Ma^ne? s
 17reyssinc'+, 
Abeles, and others (l), (2), (3) has solved the problem of tension cracks 
? 
in nomal reinforced concrete "beams by subjecting the tension area of 
a beam to a previously applied compressive stress. In general, this 
method requires that individual wires or cables be tensioned by jack-
ing either before or after the concrete i c placed ^nd cured. This mntho^ 
has even been use'"1, in conjunction with rolled steel beams encased in con-
crete , but the steel beams wern not used to apply the pre stress to +v,<= 
concrete. This method of prestressing concrete requires complex jacks, 
bearing plates, cable anchorages, ?nH forms, and is ^ery often too expen-
sive to compete with normal reinforced concrete in the United States, 
Tn September 195l> two Belgian engineers, L. Baes and A. Lipski 
(h) dp**reloppd a unique method of prestressinr the concrete covering around 
a steel besm. The method consisted of nreloadinp; a plain steel beam with 
its eventual working load, reproducing the work^n^ load moment ^̂ -̂ -ram as 
nearly ns nossible. Then while the beam w?>s loaded, concrete was placed 
around thp tension flange and allowed tn cure. After the concrete had 
fully cured, the beam was unloaded, TVie plastic straightening of the stee] 
beam applied compressive stress to the concrete by means of bond between 
the steel and the concrete. After the h^am was unloaded, concrete was 
placed around the other flange, s^ that the steel was completely encased 
in concrete, 
The elastic theory as it applies to beams of two materials of 
different elastic properties was us*»d to compute the stresses which con-
trolled the design of the preflero^ beams (5). The equivalent cross 
section of the beam was determined, and its sectional properties computed. 
Stresses which were produced in +he nr^H^xed beams wpre computed by thp 
conventional flexural formula. This expression was used to compute all 
the critical str^rses which would ooeur during the orestrersinf 
of a preflexed beam, and during its service life, Thp accnrreir of + he 
design computations was not checked p roerimentally by Fae? n̂d Lij 
during tests on the actual beams. 
Purpose o^ +hp research.—The first r-urpose of the research deecri 
herein was +r> ^etermine fhi^ accuracy T-r_" t.h which the stresses nn^ deflec-
tions which occur in a nrefl»xpd beam rr.r) be predicted by the elastic 
thpory. The second Durpns* war +~ d-ipcover what increase in rigidity and 
moment-carrying capacity is obtained by nrpflexin^ a steel and concrete boarn, 
Th» preflexed beams constructed and tested hv Baps and Lipsk:! werp 
aralv?<=d by the elastic theory, without the aDplicability of thp elar 
theory being determinpd. At no time during the tests described (U) were 
actual strain measurements compared with stresses predicted by the elastic 
theory. Neither did the authors rpfer to or describe any previous tests 
which had established the applicability of the elastic theory to the cal-
culation of stresses in beams prestressed bv the orpflex method, The first 
purpose of this investigation, then, was to determine whether the ela 
theory can be used to accurately cwout** F+^P^P^0, which would or^ur during 
the various phases of prestressing a steel and concrete beam by the pre-
flex method, 
In order to test the reliability ~f the elastic theory, stresses 
and deflections for a beam of known dimensions and materials were commuted 
using this theory. These st̂ ppsp'- ̂ nd deflections were computed for many 
important phases of the construction and working life of preflexed beams. 
The computed stresses and deflections wpr*71 compared with actua] strains 
and doflpctions measured when pach of two prefixed beams were constructed 
and tested by the author, 
The preflexed beams tested by Baes and Lipski (k) were claimed to 
u 
have greatly increased resistance to cracking and deflection, when com-
pared with the resistance to cracking and deflection of similar, nor.-
nr^flexed beams. Since those tests were made using European design 
methods, materials, and construction practices, it was felt that similar 
tests using American practices would -increase American understanding of 
the prefl^x method. The second purpose of this investigation, then, was 
to compare the cracking and deflection characteristics of a preflexed 
beam, with the cracking and deflection characteristics of a non-preflexed 
bear* with the same dimensions and materials* 
Survey of the literature»—In September, 1951, two Belgian engineers, 
Louis Baes and A. Lipski, published their first two papers dealing with 
the prestressing of concrete by the preflexing method. The first paper 
(U) reported the results of comparative tests run on a preflexed and on 
a non-preflexed steel-and-concrete beam. The second paper (6) presented 
methods to be used in the analysis and design 0f preflexed beams. The 
methods of analysis were based ^n the elastic theory of beams of two 
materials having different elastic properties. The design method? were 
semi-empirical in nature> especially with respect to bond^ shear, and 
prestress loss. 
Two subsequent papers (7), (R), published in 1953, described con-
struction methods used in Belgium in the nroduction of preflexed beams. 
The papers also described structures i^ wMch b*ams nrestressed by pre-
flexing have actually been us^d. 
There have been no papers dealing with +hp prefi^v method o^lish^d 
in the TTnit«d States to date. The only publications in the English 
language are fragmentary British reviews (9) of the Pelgian publications 




The methods used to compute the state of stress which existed 
during each stage in the construction and testing of the preflexed 
beams were semi-empirical. The compressive strength and the modulus 
of elasticity of the concrete used were determined from the results of 
standard tests. The tests were made on representative test cylinders 
cast from concrete which was used in the construction of the preflexed 
beams. Every effort was made to use concrete with identical properties 
in the construction of the two preflexed beams, and the non-preflexed 
control beam. Due to the variation of materials, some difference in 
ultimate strength of concrete used in the three beams occurred. These 
minor differences were averaged ^pfore being used to compute the sectional 
properties of the preflexed h^ams. 
Preflexing stresses in the plain steel hqam.— The steel used in construct-
ion of the preflexed beams had a yield strength of 55>?6o p.s.i., as shown 
bv tests made by Bethlehem Steel Co. (See Table 2) i n Appendix A. The 
steel beam was an 8 WF 17 5 with an overall length of 10
f- 0!l. The beam 
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Position of Pre^le:r>n^ Loads 
Figure 1 
t a l load, p, used in preloading the steel b«am was 28,900 pounds, 
The section modulus, S, of an R W 17 i s l ) i . l in-3, Combining the como 
flexure formula: 
H 
f = S 
where: f = unit stress (p.?.-*.) 
:; - applied bonrii'n̂  m^m*»nt Ob-inches) 
S = section modulus (in-) 
d the expression for beading moment in the center of a simply-s-rn-
b a m loaded at the third points: 
6 
7 
we obtain the relationship between maximum stress and load for the pre-
*d steel beam: 
- - PL 
f "6S (3) 
Maximum steel stress caused by the preflexing load was computed by this 
expression as 39*000 p.s.i., or approximately 0.7 of the yield stren^+v*. 
Stresses in the steel and concrete beam after unloading.—While the steel 
was stressed to a maximum of 39*000 p.s.i., concrete having an ultimate 
cyclinder strength at seven days of h$0P p.s.i., and a modulus of elasticity, 
Ec, of 2.76 x 10 p.s.i., according to tests, was placed around the lower 
steel flange} forming a composite beam with dimensions as shown in Figure 2. 
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B*»am See+lon at Removal of P^eflexin^ Load 
Figure 2 
The nô 1 * elasticity of the steel, E s, was assumed to be 30 x 10
6 
p.s.i. The modular ratio, n, between the steel and the concrete com-
posing the beam, as computed by the formula: 
n = Eg_ 
W 
was equal to 10.9 • This modular r a t i o was used to transform the lower 
fianf^ concrete area into an equivalent s tee l area , giving an equivalent 
s t e e l section of the dimensions shown in Figure 3 . 
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The location of the ̂ ^ntr^-^i *:H r^ anH +,he moment of inertia of the 
equivalent steel section were •''hen computed* The moment of inertia of 
the transformed section, Jt) was comnnted as °9,° in , The distance from 
the bottom of +>ie +T*qnsforme/i r^t.^on to tv>n centroidal axis, y+ was n̂m-
puted as U«3^", ac shown in Figure 3. 
0 
T1?in- the sectional properties obtained above, the changes in steel 
and concrete stresses caused by unloading the composite l~eam wp-̂ e comi 
The effect of removing the preflexing load was represented mathematically 
by applying a load equal to the prpflr at oppositely directed, 
as shown in Figure hm 
P/2. 
p/z 
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Changes in steel stresses, fgJ caused by the removal of the preflexing 
load, were computed by combining the flexure form'1"'* Equation (1), and 
the formula for bendinc moment at the center of a beam loaded at the third 
points, Equation (2), resulting in the relationship 
PLC 
f_ = 
Changes in the concrete stresses, f^ -a^s^d by removal of the preflexing 
load, were computed by formula (5), modified by the modular ratio of steel 
and concrete5 n, or: 
10 
Changes in stresses caused by removal of the preflexing load were com-
puted to have the following values. 
s t e e l c o n c r e t e 
30,500 ps,i. -
-I3t0OOp.s.i 
Stress Changes Caused by Removal of Preflexing Loads 
Figure $ 
These changes in stresses, added to the original steel stress caused by 
the preflexing load, caused theoretical stresses after the preflexed beams 
were unloaded, to be as shown in Figure 6. 
Steel Concrete. 
- 8,500 p.5.1 
26,000 p,5, - I9 ( jp . s . t 
- 2 2 3 0 o.^ 
Stresses at Removal of Preflexing Load 
Figure 6 
when the prpflexing load was removed. The theoretical changes in stresses 
due to two of the loads applied during the load t»st ^n this were 
computed and are summarised below, 
20,000 Pou^d L o a d 
Steel Concrete 
25,000 Pound L o a d 
Steel Concrete 
1,300 p.5,1. 
1530 p.S.l. I9IO p.5, I. 
Changes in Stres- is^d by Test Loads on Beam #3 
Figure 7 
No attempt war made to compute the theoretical stresses in the 
reflexed beam at the b ^ ^ " ^ : of the lca^ test3 because there was no 
theoretical method of predicting the ^^^IIT,+- of prestress loss which would 
occur. Aimreciable prestress loss HUP to s^ je and plastic flow in the 
concrete was expected to occur between the time of removal of the preflex-
inc load and the execution of the load test, Prestress loss was observed 
by rrp̂ op of strain readings taken after the removal of the preflexin^ 
load. At the time the beams T>TO~C an*lvzed, it was impossible +r* nredict 
he theoretical magnitude of thP ^rp^trops ICFP. Tn order to pro^n
1? a 
12 
consistent comparison with the results of the load t«sts, only theoretical 
changes in stress caused by charts in applied load were computed. 
Stresses in the steel and concrete beam after placing of top flange con* 
crete.--After removing the preflexing load of one of the beams, concrete 
with an average seven day ultimate cylinder strength of 5000 p«s.i. was 
placed around the upper steel flange of the beam. This concrete had an 
experimentally obtained modulus of elasticity, E£, of 2,28 x 10 p.s.i, 
The modular ratio, n', between this concrete and the steel was computed 
from the expression: 
n1 = 
*c (7) 
as 13.1• The actual cross section of the beam, with top concrete in pla 
had the dimensions as shown in Figure 8. 
Final Beam Section 
Figure Q 
13 
The area of the top flange concrete, HO in,3 when divided by the 
modular ratio, n', produced an equivalent steel section with the dimension? 
shown in Fi^rre 9. " m"LL~M * 
0.9i! 
Final Transformed Section 
Figure 9 
o' 
The distance from the bottom of the lower concrete flange to the centroidal 
t 
axis, Y^, was computed as 5«^8 in. The moment of inertia of the entir*3 
2 
transformed section, I|, equaled lli5*6 in. Theoretical changes in stress 
due to two changes in load during the load test were computed by equations 
(5) and (6). These computed stresses are significant only below the loads 
at which the lower flange concrete cracked, that is only at loads where 
the entire cross section of the composite beam was effective in resisting 
bonding moment. The computed c^an^s in stress due to changes in load 
are shown in Figure 10. Again, computations were made only of changes in 
stresses caused by changes in load, because of the inability to predeter-
mine the amount of prestress loss, and consequently, the amount of pre-
stress r^maininf* when the load test was begun. 
Ill 
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Steel C o n c r e t e . 
— 12.10 p. s.i. 
2 ,5 ,000 P o u n d L o a d 
S t e e l C o n c r e t e 
—10,800 p.si 
0,)00 p.5.1 
-\3,5QO p. s.i 
- 1500 p. s, i 
4 ^ Z p.s. \ 
410 p. S.I. 
Theoretical Chan^r in c,+ rprw: 
re 10 
The control beam had the Fane sectional properties, initially, as 
did the second preflexed beam. The only difference was that it was not 
prestressed. This meant that the tension flan^p concrete would crack under 
small load, and that after it cracked, the moment of inertia of the section 
would be reduced. vSince the moment of inertia of the non-preflexed con-
trol b«am would be constantly decreased ar the neutral axis movfid upward 
under increasing loads, no attempt, war made +A compute theoretical changes 
in stress in the control beam. 
Ultimate lead1;. — No theoretical investigation was made of the actions of 
ultimate. By observation, howe-^r, it may be noted that prestressing a 
beam should have no effect on its ultimate load. This is true because 
once the precoppression in the tension flange of a b^am becomes zero, 
aX\ effects of prestressing are lost as the load increases. Once a pre-
stressed section cracks, its moment resisting capacity is the same as 
that of an identical non-prestressed section. Therefore, the ultimate 
loads of the control beam, and of the preflexed beam with top flange 
concrete, should be of the same magnitude. 
It is also true that the ultimate load of +he preflexed beam with 
lower flange concrete only, should be of the same magnitude as that of a 
similar plain steel beam. This is true because once the prestressed lowe 
flanre concrete cracks, it is of no further moment resisting value. Only 
the steel is then â /ailable to resist any increase in bnndinr moment. For 
this reason, the ultimate loads of the prrflpvpri heam without upper con-
crete and a plain steel beam should he approximately equal. 
16 
CHAPTER TTI 
INSTFIW^A.TT^N AND TQVIPNKNT 
Loadinp Equipment 
The equipment used to apply the pr^flexing loads and the test loads 
to the beams tested in this investigation consisted of a loading frame, 
hydraulic jack, four screw jacks, and a proving ring. 
Loading frame.—The frame used to apply the load to the beams in all tests 
was rectangular in shape, and constructed of structural steel sections and 
plates as shown in Figures 11 and 12, The frame was of welded construction, 
but major components were pinned together to allow it to be disassembled 
and moved. A transverse load could be applied to members with a maximum 
span length of 111 feet. Loading capacity of the frame was 200,000 oounds, 
;-v---"n •• '-' - ;.-;-i-.—Attached to the overhead beam in the center of the loading 
f̂ -ame was a sixty ton capacity hydraulic jack. This jack was inverted and 
had a proving ring threaded onto its lower ^nd. The hydraulic jack was used 
to apply short-time loads during the final testing of all beams, but due to 
the difficulty of maintaining constant loads with hydraulic loading systems, 
it could not be used to apply the preflexing loads, which were required to 
remain constant for a period of a week, 
Screw jacks.—Four twenty ton capacity, screw jacks were used to provide 
the end reactions when the beams were loaded in the loading frame. Two 
jacks, welded to a one inch steel platp at the bottom, and bolted to stiffened 
structural st^el sections at the top, w^re placed under each pnd of the bet^. 
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These screw jacks provided end reactions during the load tests, but they 
applied the preflexing load while the beams were being constructed. The 
screw jacks were used to apply the preflexing loads because they could be 
depended upon to provide a constant load for sn extended period of time, 
Proving ring.—A circular steel proving rin̂ - was "sed to measure the loads 
applied to the beams in the loading frame. The top of the proving ring 
was threaded try the piston of the hydraulic jack. The bottom of the ring 
rested on thp distribution beam. The distribution beam transferred the 
single central load from the hydraulic jack to the two th5rd points of 
the test beam. 
Four SR-U electrical resistance strain sages were mounted at 90 
degree intervals around the inside circumference of the proving ring. 
These gages were wired into an external bridge circuit which resulted in 
increased sensitivity of the circuit. The ring was calibrated by record-
ing the strains observed when the ring was subjected to known compressive 
loads in a two hundred thousand pound capacity universal testing machine, 
The calibration curves for this proving r1 ng are shown in Figure 13• 
Strain Measuring Equipment 
The purpose of this research was to in^^+igate the validity of the 
elastic theory in predicting the stresses whi^n would occur in a preflexed 
beam. For this reason it was necessary to determine steel and concrete 
stresses at various points on the ^ross section of the beam at each stage 
in the preflexing process. Electrical resistance strain gages of the 
Baldwin SR-U type were used to measure both s+«el and ^nerete strains* 
In addition, internal stress gac°-j ^ ° r measurement of internal strains in 
r ~ ~ " 
the concrete, similar to a type developed at Massachusetts Institute of 
Technology (10), were developed, but were eventually discarded, due to 
inability to eliminate drift and to properly waterproof the cares. 
Measurement of steel strains.—Strains were measured on one cross-secti 
of each of the three steel beams used in the t^sts. This cross section 
was located in the center, between the third point loads on t.hp bpam. 
Ponded electrical resistance strain ^a^es, manufactured by Rald^n-Lima-
Hamilton Corp., and commonly called "SR-U strain za™stt9 were used to 
measure steel strains throughout. On one beam, type A-l r̂ere used 
and on the other two beams, typp A-il ?apes w~r^ used. Ei^ht ^ ^ ? were 
applied to each steel beam, two on the top ^lau^p, two on the bottom flan 
and four on the web, as shown in Figure lu. These £a^e? wc~ [led -;n 
pairs, nu*> — each pair on ^"e ' ' +he becvn, and one on the oth 
side* This was done eo the results of each pair 0f £a£
pi' could h* averr 
and strains due to torsion elirr-
Measured steel strains were concerted to stresses by multiplying 
strains bv the modulus of elasticity^ F, ^ f.ht> steel . The ^al^p of E i 
assumed to be 30 x 10 p.s.i. 
Measurement of concrete strains,—Concrete strains were measured on each 
beam at the same cross section as +hp steel strains were measured, Bald 
SR-u strain gages were used exclusively for this purpose also. Six zr 
in Tvirs, were applied to the concrete, four on the lower flange, nnd tw 
on the upper flange. These £a^es were applied "*n nairs on the concrete, 
they were on the steelj to eliminate +*p effects of torsion. See Figure la 
for the location of irages on the concrete. 
Strains measured i.n the concrete were converted to stresses by r*o 
STRAIN GAGE LOCATION ON BEAM CROSS SECTION 
F ioure . 14-
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paring the strains with the stress-strain curve obtained from special 
compressive test cylinders made of similar concrete. Those cylinders wore 
two inches in diameter and eight inches high, They had two SR-U type A-ll 
s+rain goges diametrically placed at the center* of the -vlindrioal surface, 
A series of known loads was applied to esch of those cylinders through 
a small proving ring, nnd the ^train indicated by onch strain gage w&s 
averaged with that -indicated by tbp other g^-^ on the samp cylinder, ^rom 
these data, a stress-strain c^r^p was plotted ^OT- the mix ̂ .sê  in the lower 
flange of each beam, and for the mix used in the upper flange o? each beam, 
(Seo Fin-nro IS) 
Internal stress measurements—It was originally planned to me 
ternal concrete stresses directly by ''sin"; an internal stress gage ̂ or 
cementitious material, similar to those recently developed at Massachusetts 
Institute of Technology (10). There ?ages3 as made ^
nr these tests, con-
sisted of first one, and then two, Baldwin SR-h type A-7 gages mounted on a 
hollow cylinder of high strength steel. This first cylinder wss placed in-
side a second one, and tightened t« it W a threaded cap. The epace be-
tween the cylinders was filled with w x to prevent the entry of water, 
The entire gage was embedded in a onncret* cylinder, two inches in 
diameter and eight inches lonr, The "ages wore calibrated by applying a 
known load to the cylinder and recording the Indicated strain. After cal-
ibration the gages were broken out of the concrete test cylinders and were 
to be embedded in the upper and lower concrete flanges, 
Only two of the five gages prepaid wer» r>inr©d, one in each of the 
lower flanges of the first two beams constructed. Initial readings were 
msHp. with the first stress gage placed. The temperature-compensating rage. 
and the gage placed in the lower flange of beam number two both faile 
register properly when tested. Because of this failure, use of the in 
ternal stress gages was discontinued. It was felt they were too delicate 
to function properly after having had concrete placed around them. 
Deflection Measuring Equipment 
It is claimed by Baes and Lipski (11) that one of the most im-
portant advantages of the "Preflex" method is that deflection caused by 
working loads is greatly reduced, when compared with the deflection caus 
by the same working load on a non-preflexed beam of equal dimensions and 
materials. In order to test the validity of this claim, beam deflections 
were measured with care during all nhsse? of the tests, 
When the plain steel beams were first loaded, in preparation f 
placing concrete around the lower flange, beam deflection could not be 
measured directly because the forms for holding the concrete surrounded 
lower flange. At the same time, the distribution beam covered the center 
third of the ton flange, and beam deflection could not be directly meured 
there either. It was necessary to weld quarter inch rods to the top flange, 
these rods projecting horizontally beyond the form used for the lower flange, 
Ames dials reading to 0,001" bo™ against the rods, and in this way the 
deflection was measured. The rodr were used to measure beam deflectin 
when the beams were loaded for prefixing, and when they were unloaded 
after the lower flange concrete had cured, 
When the completed beams were load tested, deflections were me 
directly. Ames dials located at the center and qt the third points b 
2b 
Materials used.— The physical properties <"»** the steel ?nd concre+c 
r1 in the test beams are summarized in tables 1 and 2, Temperature 
and shrinkage steel composed of welded wirp fnbric, WPP used to rpin*1 ore 
each concrete fl?n~e, This fabric was n ^ B ^r^m h x 6-10/10 welded wire 
fabric. 
Table 1 Physical Propertier nr>̂  THmpnsir̂ ns of Steel r>?mc Used in Tertr 
Si?e snd Type Section WF17 
Length of Section 10'-0" 
Mater ia l Nay-rl nRM 
'Sep Table 3 , Appendix 
"A" for hea t rem-rd) 
producing Agency Fethlehpm S t e e l Cc. 
Yield S t reng th ^6j960 p . s . i . 
Ul t imate S t rength pb,6lP n . s . i . 
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Fable 2 Proportions and Physical Properties of Concrete Used in Tests 
Lower Flange Concrete 
Average 7 day cylinder strength h500 p.s.i 
Modulus of Elasticity 2.76 x 10° p.s.i. 
Modular Ratio 10.9 
Proportion of cement: sand: 
gravel by weight 
liO.9kil.Sk 
Water/Cement Ratio U.8 gal, per sack 
Fineness Modulus of Sand 2.78 
Maximum Size Aggregate 3/8" 
Type Cement High Early Strength 
Upper Flange Concrete 
Average 7 day cylinder strength 5000 p.s.i. 
Modulus of Elasticity 2.28 x 106 p.s.i. 
Modular Ratio 13.1 
Proportion of cement: sand: 
gravel by weight 1:1.27:2.1 
Vater/Cement Ratio 5.3 gal. per sack 
Maximum Size Aggregate 3/8" 
Fineness Modulus of Sand 2.78 
Type Cement High Early Strength 
Figure 16. Modified Steel Beam 
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PROCEDTTRE 
The exppOmental work done in connect ion wi th t h i s study of p r e -
* 
flexed beams was divided into two phases. The first phase was the con-
struction of the three test beams. The' second phase was the load testing 
of the beams. 
Construction of the Fearns 
Construction of the test beams began with modification of the 
steel. First, stiffeners made of 3/8" steel plates were welded on either 
side of the steel beams at each point where a concentrated load was to be 
applied. These points were at the ends and third points of the span, as 
shown in Figure 1. Second, beads of quarter in/*h w^ld were placed on the 
external surfaces of both the upper and lovnr flanks. These welds were 
made to roughen the flanges, and increase the bond between steel and con-
crete. No welds were placed in the middle third of the beam span, be-
cause, with the beam loaded at its third points, there would he little or 
no shear stress developed 5n the middle third. Figure 16 shows one of the 
steel beams after having been modified. Kight electrical resistance strain 
^ages were then applied to the center of each beam as explained in 
Chapter TIT. 
Control beam #1.—After the pteel had been modified zr described above, 
construction was begun on the control beam. A steel beam WAS placed in 
Figure 17. Apparatus for Applying Pre flexing Load • • 
H* 
Figure 18. Location of Form for lower Flange Concrete 
Figure 19. Close-up of Deflection Measuring Apparatus UJ 
ro 
w 
the loading ^ ^ e , as shown in ^ i f u r e i n . bu t n^ 'J^P'1 W ••* ". No 
' l e c t i o n measurements wore made dur ing the c o n s t r u c t i o n of the cont ro l 
beam. With +bp 'HeaTTi in p l a c ° . Hi re f ab r i c was placed around the lower 
flanrje, and +^e lower f lange rorm was clamped in place as shown in 
Fi-i.tre 18 , Concrete? was plpnn^ in the foT^ij * ih ra t ed j and allowed +-o 
.-. for ' >c?, v̂̂ p rnyvr\^ were -̂ pHm--p-' n.n -y a f t e r the oouring 
of the concep tp . The beam was then taken out of the Toad i n " fr* 
s e t t o ^n° s ide for curing* This TTP^ a c o m o l i shed vjy cover ing the concre te 
for a period of s ix -7 -̂<r^ with bvxlap bp 's ^ud ^TTvr,+-"' ^o^^nt sacks which were 
wet two?1-1 r l a i l y t o keep then damp - insure proper curing* Two 
weeks a f t e r the lower f lange concre te war placpd_. +hp upper flange con-
c r e t e was olaced ard allowed to '-Mir*3 for r i i r e days ^n a s i m i l a r manner. 
Ho effort , was mi dp to p^eatp 5nir b^ndin- between the two mars^r of r.on-
c r e t e . Thp r i n i s ^ p d "^^"^"1 beam Viq̂  3 ^ross sec t ion ar shown in Figure o1. 
Af t e r the '"no^r f'.\nr^r*a concrete* ^" red , ^ "̂̂  A-]l s t r a i n ^ . ^ c were 
t o the c o n c r e t e , as shown in ^i""-rp ] ' : . 
F re f l ex c d bpam fr?„—Preflex^d beam ff2 was cons t ruc ted next., having 
i d e n t i c a l dimensions wi th the r^ntyr.1 b°am. T^e °pc^nd s t e e l beam was 
p laced in the load ing frame ?nd Amp** ' H a l s were p laced to record the d e -
f l e c t i o n of t he ^pam *r i t . was loaded, a:- <̂ uown in F igure 1 9 . The p r e -
f l e x i n g load of 2?,9("|0 pounds was then appl ied t o the t h i r d p o i n t s of the 
beam, and +he s t r a i n and d e f l e c t i o n caused
 Vir i t s a p p l i c a t i o n measured. 
The load was a p p l i e d bv usinq; the screw jacks at the ends of the beam. 
The r a i l r o a d j a c k s were extended u n t i l the pr t t ached t o the 
c e n t r a ] h y d r a u l i c jack i n d i c a t e d t h a t the ^ror>°r p r e f l e x i n g loa^ TT <̂-
hping a p p l i e d . The c e n t r a l hydrau l i c jack was not used to anply the p r e -
f lex ing "load, because + v e i^n-1 ^q^ +^ he held cons tan t ^nr seven days , 
Figure 20. Lower "Flange Concrete in Place 
3? 
and the hydraulic jack would have leaked enough to vary the load sub-
stantially. With the preflexing load held constant, wire mesh was placed 
around the tension flange, and the form clamped in place, as shown in 
Figure 18. Then the lower flange concrete was placed in the form and 
allowed to harden for 2\x hours. 
After 2l± hours the form was removed, and the green concrete was 
cured under wet burlap and cement sacks for six days. While the concrete 
was curing, four A-ll strain gages were applied to it, as shown in 
Figure 111. 
Seven days after the tension flange concrete was placed, the pre-
flexing load was removed. Changes in strain caused by removing the pre-
flexing load were measured in both the steel and in the concrete, and the 
upward deflection of the beam was measured. Strains were measured at in-
tervals after the preflexing load was removed to determine the amount of 
prestress loss. 
Twelve days after the lower flange concrete was placed, the upper 
flange concrete was placed, and allowed to cure for five days. After the 
concrete cured, two A-ll strain gages were applied to it. 
Preflexed beam #3.--Freflexed beam #3 was constructed exactly as preflexed 
beam #2, except that beam #3 had no concrete placed around its upper 
steel flange. The third steel beam was placed in the loading frame, and 
the preflexing load was applied. The lower flange concrete was placed, 
and allowed to cure for seven days while the preflex load was held con-
stant. When the preflex load was removed, the concrete was prestressed. 
No further work was done on beam #3; it was load tested with no concrete 
covering on the upper flange of the steel. 
Figure 21 . Ultimate Failure of Control Beam 
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Load Tests 
After all thp beams were constructed, each was load tested by 
applying concentrated loads at its third points. The loads were 
gradually increas.ed until thp ultimate load that +^p beam would ^irrv 
was reached. Strain in both steel and concrete, and bear deflection, 
was measured for pach increment of load. 
Control beam #1.—Control beam #1 was placed in the loading frame, sup-
ported by the screw jacks, as shown in Figure 21. Ames dials w*=re place 
in contact with the lower flanre to measure beam deflection. The test 
loads were apnlied by the central hydraulic jack, through the proving 
rin? and distribution beam to the third points of the test beam. Tb^ee 
runs were made in the course of the torts on ̂ ea^ #1 b^fnrp the Tiltimate 
load was applied. 
On the first run, the hydraulic jack was powered by an electric 
centrifugal pump. It was difficult to accurately control the load applie 
by this pump, so the loads were applied in approximate instr- exact 
increments. Loads were applied in approximate increments of 10,OPO pound 
total loadj or 5000 pounds load applied to eacv third point. Loads were 
always referred to ns the total load sonlied to thp beam. On the **i rst 
mn, loads were applied in 10,oo^ round increments up to 60,000 pounds, 
and strain and deflection measurements were made for each increment of 
loading. The load at which successive cracks appeared in the concrete 
was noted as the test progre^rod, After the 60,000 pound load had been 
lied, all loads were removed, %r\* the permanent deflection and strain 
were measured. 
After the permanent set caused bv the first run w-s measured, the 
3P 
run was begun. During the second, ^nd all subsequent runs, the 
hydraulic jack was powered by a hanH purro. T oa : ed in ex-
actly 10,00^ pound increments luttil 60,000 was reached, and strains and 
deflections were measured at each increment. A^ains i
f+pr £>r>tr*r\n riounds 
reached, all loads were r }, and permanent strain end deflection 
read, 
After +he npT*m''Oc>nt set. caused by the second run was measured, the 
third and final run was begun. Load was applied in io?000 pound incre-
ments until +v"» ultimate load was reached. 
Pr^Hev^'-i beam #2,—Preflered v r >am #2 WPS trstod similarly to beam £1, 
The beam was placed ;ri + he loading frame., supported by the screw jacks. 
The load T.T?,F applied +^ the third points ?f +he beam by : ra,!lic 
jack powered by + he hand pump. Three runs were also made on +T^p test of 
beam #2, but in 8 different manner from those made ^n 1 
Jn the first run, loads w°r* applied to the beam in exac+ incre-
ments of b',000 pounds, up to 2?,00< nd deflection 
measurements were made at each increment. After +he 2?,OCX) pound load 
was applied, the b^am was unloaded and permanent strain and deflection 
were measured, 
After the permanent set caused bv th« first run was measured, the 
second run was begun, T^p load was immediately increased to 25,000 pounds 
and then by 5*000 pound increments to $0,000 pounds. The bpam was then 
unloaded, and the permanent set caused by the second r1^ measured, 
In the third run, the 1 oa^ was immediately increased to 50,000 
pound?, and +^en increased in 590t und increments until the ultimate 
Tear1 w^F reached, 
Preflexed beam #3.—Beam #3 was tested in the same manner a? ̂ «am $23 
except thit the maximum load applied in each run was smaller. Tn run 
#1, +̂ f* load was applied in 5,000 pound increment? until 20,000 pounds 
was reached, nnd then the bear- was unloaded. In run #2 the beam was 
immediatelv reloaded to 20,00'' ^nd then loaded in ^,000 pound 
increments up to U0,000 pounds, efter which it was unloaded. In run 
#3i ^be hea™ was immediately reloaded to U0,000 pounds, nnd then 
loaded in 5,000 pound increments until the ultimate load w^s reached, 
1.0 
CHAFTtfP V 
T.TC, np TESTS 
T^e -̂ er1 !+•<=• of the tests ^n the bea^s T-r̂ re divided into two 
groups. The first group w^s composed of ~e?inlts of tests made while the 
beams were being pre flexed. The rocoud r;roup was c imposed of results of 
load tests made on the preflered b»pms *nd t>e control b^q™ af+er they 
were constructed. 
Tn the first croup of res\ilts3 three problems in the construction 
of orefle^e^ beams were studied. n„^v«t"-nc! nf +>><= beams before -od 
after nrf,fli'vrnrr were c Tina red, measured stresses were compared '-nth 
theoretical stresses computed by the elastic theory, and measured pre-
stress loss was compared between +^n two nr^flexed be? 
To the r-ec_ind group of results, five phases of beam action were 
studied. Deflections were o^mpar^1 between pr^flexed and non-preflexed 
beams., cracking loads were compared, strains at various points in 
v^am were compared, measured stresses were compared with stresses com-
puted by the elastic theory, snH the ulti^vrte lends of each beam were 
compared. 
Results of the Prefler.in^ Operation 
Roth Reflections and strains measured ^o the two ^°ams which 
were prertressed by preflerinp:. Strains were measured across the center 
cross-section of each beam, and tT-p^e stains were converted +o stresses 
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in both steel and concrete. 
Deflection.—When the plain steel beams were loaded with the preflexing 
load of 28,900 pounds, deflections were measured as described in 
Chapter III on both beams. After the lower flange concrete had been 
placed and cured, deflections wero again measured when the preflexing 
loads were removed. The difference between these two readings was the 
initial permanent deflection caused by prestressing the lower flange 
concrete. The readings on the beam #2 were erratic and will not be dis-
cussed here. A plot of these readings appears on Figure 22, if the 
reader wishes to inspect them. On beam #3, the center deflection of the 
plain steel beam under the preflexing load was 0.75*1. When the preflex-
ing load was removed, the upward deflection of the beam was 0.U5", 
leaving an initial permanent deflection of 0.30". This permanent deflec 
tion was caused by prestressing the lower flange concrete* Deflections 
caused in beam #3 by the preflexing operation are plotted in Figure 22, 
No readings were made to measure the loss in initial permanent 
deflection which was caused by prestress loss during the time between 
the removal of the preflexing load and the beginning of the load tests* 
From strain readings taken during this interval, the loss in deflection 
was probably appreciable. 
Measured stresses.--Strain readings, as described in Chapter III, were 
made on the cross section at the centerline of each beam while it was 
being preflexed* To transform these strain readings to stresses, the 
strains were multiplied by an appropriate modulus of elasticity. The 
modulus for the steel was assumed as 30 x 10" p.s.i., and the modulus 
for lower flange concrete was determined by tests as 2*75 x 10 p.s.i, 
(See Figure 1$) 

Uh 
From the strain readings, maximum stress in the plain steel beams, 
when the preflexing load of 28,900 pounds was applied to the third points, 
was U2,U00 p.s.i. in the upper flange, and U0,500 p.s.i. in the lower 
flange. Both of these maximum stresses occurred in beam #3. Immediately 
after the preflexing load was removed, the maximum upper flange steel 
stress was rr.duced to 3,700 p.s.i. compression, and the maximum lower 
flange steel stress was reduced to 21,300 p.s.i. tension, Prestress 
in the lover flange concrete after removal of the preflexing load varied 
from 365 p.s.i. compression, at the top of the flange, to 2950 p.s.i. 
compression, at the bottom of the flange. Steel and concrete stresses 
due to preflexing in beams #2 and #3 are summarized in Figure 23. 
Loss of prestress.---Measurements of the amount of prestress loss which 
occurred during the first week after removal of the preflexing loads 
were inconclusive. Strain measurements on beam #3 were erratic, and 
are not considered in this report. The strain measurements on beam #2 
appear to be reliable, and the discussions of prestress loss in this re-
port are based on them. The results of only one test are quite incon-
clusive, and no conclusions are made regarding prestress loss. 
On the basis of strain readings on beam #2, lower flange steel 
stress dropped from 20,800 p.s.i. immediately after unloading, to 
12,700 p.s.i. six days later. This represents a prestress loss of 
33.91 percent in six days. Concrete prestress loss was not computed, 
because the large strain in the bottom of the lower flange concrete in-
dicated appreciable plastic flow, and stress was not proportional to 
strain. In Figure 23, prestress loss in both steel and concrete is 
summarized for beam #2. The excessive concrete stresses indicated are 
U5 
not correct, but they are proportional to the measured strains. 
Results of Load Tests 
Load tests were performed on each of the three beams constructed. 
Loads were aj-.plied in these tests in the same manner that the pref lexing 
loads were applied, varying from zero to the ultimate load that the beams 
would carry. Strains and deflections were measured for each increment of 
load. Center line deflections of preflexed and non-preflexed beams were 
compared. Strains at various locations on the center line of each pre-
flexed beam were compared with each other and with the strains on the 
non-preflexed beam. 
Strains across the center cross section of each preflexed beam 
were converted to stresses by multiplying them by an appropriate modulus 
of elasticity. These stresses were then compared with theoretical stresses 
based on the elastic theory. 
Deflections.—Deflections at the center and at the third points were 
measured for each increment of load on each of the three beams tested. 
Measured third point deflections were consistent with measured center 
deflections throughout the load tests. To eliminate duplication, only 
the center deflections are discussed in this report. 
At the preflexing load of 28,900 pounds, which may also be con-
sidered the working load, the non-preflexed control beam, beam #1, had 
a measured center deflection of 0.35 inches. For a 9\ foot span length, 
this deflection is equivalent to 1/326 of the span length. At the same 
load of 28,900 pounds, the first preflexed beam, beam #2, which was 
identical in size with the control beam, had a center deflection of 
0.29 inches. This deflection was equal to 1/391 of the span length. 
At this same load, the second preflexed beam, beam #3> which had no con-
crete placed around the upper steel flange, had a center deflection of 
0.UU3 inches. This deflection corresponded to 1/258 of the span length. 
For comparison, the deflection of a plain 8 W 17 at the preflex load 
was computed to be 0.5H inches, corresponding to 1/223 of the span 
length. 
At a test load of 20,000 pounds, before the lower flange concrete 
on either of the preflexed beams had cracked, the difference in deflec-
tion was even more pronounced. For the control beam, beam #1, the center 
deflection was 0.2^2 inches. For beam #2, the center deflection was 
0»l5U inches, or 63% of that of the control beam. For beam #3? the center 
deflection was 0.261 inches or 108% of the control beam, and 170% of 
beam #2. Again for comparison, the computed center deflection of a plain 
8 WF 17 was 0.351 inches, or Ui5% of the control beam and 131$ of beam 
#3. 
Results of the center deflection readings for all the load tests 
are summarized in Figure 2lu 
Cracking,--Careful notations were made of the loads at which initial 
tension cracks appeared in the lower flange concrete of all three beams. 
In the preflexed beams, the formation of tension cracks indicated that 
the effects of prestresoing had been overcome. The gross section of con-
crete was no longer effective in resisting bending after the first cracks 
appeared. Only the steel and the net concrete in the uncracked portion 
were effective in resisting bending after cracking began. 
In beam #1, the non-preflexed control beam, the lower concrete 
flange cracked completely through in three different places at less than 
10,000 pounds load. Cracks #1,#2, and #3 had all appeared at that load. 
As additional loads were applied, these initial cracks grew longer and 
wider, indicating that the neutral axis of the beam was continually 
moving upward. New cracks, ever nearer the ends of the beam, appeared 
as the loads were increased. After beam #1 was loaded with $0,000 
pounds,the load was removed. All cracks tended to become smaller, but 
they failed to close completely, indicating that substantial permanent 
set had already taken place. Initial permanent deflection at the center 
of the bean was measured as 0.U0 inches at this time. 
In beam #2, the first evidence of cracking did not appear until 
more than 20,000 pounds had been applied. Cracking had become general 
by the time 25,000 pounds were applied, the lower flange having been 
cracked completely through in two places. At this load, however, crack-
ing in beam #2 was much less severe than in beam #1. After the appli-
cation of the 2$,000 pound load, all loads were removed from beam #2, 
With removal of the load, both cracks in the lower flange closed com-
pletely. Permanent center deflection was measured as 0.017 inches. 
When the loading was continued past 2£,000 pounds, the number of tension 
cracks increased, and the original cracks became longer. 
In beam #3, cracking began at slightly more than 20,000 pounds 
and was again widespread at 25,000 pounds, with the lower flange cracked 
through in two places. This cracking was much less severe than that 
which occurred in beam #1 at the sane load. The two cracks completely 
closed when the load was removed. After the removal of the load, the 
permanent deflection in the center was 0.010 inches. When the load test 
was continued, the cracks re-opened and they grew longer when additional 
load was applied. 
mm~ 
h$ 
Strain.—Strains were measured during the load tests by means of electrical 
resistance strain gages. They were measured in both concrete and steel 
in the upper and in the lowrr flange of each beam. 
Steel strain in the lower flanges was greatly influenced by the 
formation of cracks in the low^r flange concrete. At loads less than the 
cracking load of 20,000 to 25,OCO pounds, the rate of strain per unit of 
load was 1JU7 micro-inches per inch per 1000 pounds in beam #2, and 160 
micro-inches per inch per 1000 pounds in beam #3. Wo strain readings be-
low the cracking load were made for beam #1, because of the low load at 
which cracking occurred. At loads greater than the cracking load, the 
rate of strain per unit of load increased abruptly. The rate of strain 
was U13 micro-inches per inch per 1000 pounds for beam #2, u73 micro-
inches per inch per 1000 pounds for beam #3, and 390 micro-inches per 
inch per 1000 pounds for the non-preflexed beam, beam #1. 
Concrete strain on the bottom of the lower flange was greatly 
affected by the cracking of the concrete, as was expected. At loads 
less than the cracking load, the rate of strain was 228 micro-inches per 
inch per 1000 pounds for beam #2, and 253 micro-inches per inch per 1000 
pounds for beam #3» Again, no strain readings were made on beam #1 at 
loads below the cracking load. At loads greater than the cracking load, 
the strain was practically constant in lower flange concrete for all three 
beams. 
Steel strain in the upper flanges was not affected by cracking of 
the lower flange concrete. The unit rate of strain was constant through-
out the working range, up to 30,000 or 35,00 pounds load. The unit rate 
of strain was 1?3 micro-inches per inch per 1000 pounds for beam #1, 
162 micro-inches per inch per 1000 pounds for beam #2, and UoU micro-
5o 
inches per inch per 1000 pounds for beam #3. 
Concrete strain in the upper flange was slightly affected by crack-
ing of the concrete in the lower flange. Below the cracking load the unit 
rate of strain was 150 micro-inches per inch per 1000 pounds for beam #2. 
Strain was not measured below the cracking load of beam #1. Above the 
cracking load the unit rate of strain was 255 micro-inches per inch per 
1000 pounds for beam #2, and 288 micro-inches per inch per 1000 pounds 
for beam #1* 
Strain measurements for all the load tests are summarized in the 
plots of load vs. strain in Figure 25 through Figure 28. 
Measured stresses.—Within the range of loadings where strain varied 
linearly with applied load, measured changes of strain were converted to 
changes of stress by multiplying changes of the strain by an appropriate 
modulus of elasticity. This procedure is explained in Chapter III. 
It was not possible to compute the initial stress or prestress 
magnitude in a beam from the initial strain-reading of a load test. 
Therefore, all stresses were assumed to be zero at the beginning of each 
load test, although they were known to be far from that condition in many 
instances. With this assumption of zero stress and strain as the initial 
condition for all the load tests, the measured strains and computed stresses 
at any load actually represent changes of strain and changes of stress 
for the indicated change of load. To measure the total strain or stress 
in a given beam under given load, it would be necessary to add the un-
known initial strain or stress to the change in strain or change in stress 
recorded during the load tests. 
Computed "changes in stresses", subsequently referred to as 
"stresses", were plotted in their proper positions on a cross section of 
WW i'mm I 







a beam. They were plotted for loads of zero, 20,000 pounds, and 25,000 
pounds. The measured stresses, and the stresses predicted by the elastic 
theory are plotted and compared in Figures 29 and 30. 
Ultimate Load Results 
As the loads on the tested beams were increased, cracking became 
more severe* The cracks steadily extended upward, until at failure, 
they were within half an inch of the tops of beans #1 and #2, Initial 
failure in these two beams was a tension failure, but the final failure 
was a compression failure in the top flange. The area of compression con-
crete was steadily reduced as the beam deflected and the lower steel 
flange entered the range of plastic deformation. This reduction in area 
of the compression concrete continued until the concrete in the upper 
flange was stressed to its ultimate compressive strength, and final failure 
occurred. Figures 29, 30, and 31 show the type of failure which each 
beam experienced. 
Prestressing had no effect upon the ultimate strength of the beams 
tested, nor upon their deflection at ultimate load. The ultimate load 
which beam #1 carried was 66,800 pounds, and center deflection at that 
load was 2 3/16 inches. The ultimate load carried by beam #2 was 66,700 
pounds, with a center deflection of 2\ inches. 
Beam #3, which had no concrete covering the upper steel flange, 
failed in lateral buckling instead of in compression. The lower flange 
concrete could not provide sufficient lateral stiffness to the compression 
flange to prevent that type of failure. The ultimate load carried by 
beam #3 was 1*8,800 pounds. 
The limit of proportionality of strain to load was not clearly 
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Figure 31. Ultimate Failure of Control Beam 
Figure 32. Ultimate Failure of Preflexed Beam #2 VI '-O 
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Figure 33 . Ultimate Fai lure of Preflexed Beam 
defined for any of the beams tested. Mo well defined yield point was 
observed on any of the plots of strain versus load, or deflection versus 
load. Thp only well defined changes in the proportionality of strain 
with load occurred in the strains in the lower flanges when the lower 
flange concrete cracked. However, the variation of strain with load in 
the steel continued to be linear, above the cracking load, as it was 
below it, as can be seen in Figures 25 and 26. This, of course, was not 
true for the lower flange concrete. After it cracked, the strain was 
roughly constant regardless of the increase in load. 
' For beams #1 and #2, the limit of proportionality of strain to 
load was roughly IiO,000 pounds. At loads greater than U0,000 pounds, the 
strain gradually began to increase faster than the load. When a load of 
50,000 pounds had been reached, strains and deflections were increasing 
very rapidly with only snail increases in load. 
For beam #3, strain in the uncovered upper steel flange reached 
its proportional limit, corresponding to a measured stress of only 
36,900 p.s.i., was caused by a lack of lateral rigidity of the upper 
(compression) flange. 
In the lower (tension) steel flange of beam #3, the proportional 
limit was in excess of 1̂ 0,000 pounds load, or about the same as in beams 
#1 and #2. The strain in the lower flange concrete was again constant 
at loads greater than the cracking load of 25,000 pounds. 
paper pertain to two phases of the preflex method. The first phase deals 
with the elastic theory, and its use as a method of analyzing the stresses 
which will occur in preflexed beams. The second phase deals with the ad-
vantages of using preflexed beams instead of plain steel joists encased 
in concrete. 
Elastic Theory 
The tests indicate that the elastic theory as it applies to beams 
of two materials of different elastic properties may be used to predict 
stresses which wil3 occur in a preflexed beam when the preflexing load 
is applied and when it is removed. It may also be used to predict the 
changes in stresses which will occur in preflexed beams when they are sub-
jected to working loads. Conversely, the tests indicate that the elastic 
theory cannot be used to predict the amount of prestress loss which will 
occur, nor the initial stress condition in a preflexed beam before work-
ing loads are applied. 
Stresses caused by preflexing and unloading.—Measured stresses agreed 
with computed stresses fairly well during the preflexing and unloading 
operations. When the preflexing load was applied to the plain steel beam, 
the maximum variation between measured stresses and computed stresses was 
6? 
nine percent Tor both beams. Immediately after removing the preflex-
ing load from the steel and concrete beam, the maximum variation between 
measured and computed stresses was 21 percent in the steel and 32 per-
cent in the concrete, when stresses were of appreciable magnitude. These 
variations are sufficiently small to make it safe to design prefle 
beams by the elastic theory if the usual allowable stresses in steel and 
concrete are used. 
Prestress loss.—PrTtrcss IOSP as shown by strain measurements w-;s not 
consistent between beam #2 and beam #3. It is believed thst the strain 
gage readings on the upper flange of bean §3 were in error, since a stress 
increase of 9yh00 p.s.i. in four days was impossible, Strai
1" - on the 
lower steel flanges indicated a steel pretensjon loss of between j ? per-
cent and 60 percent in four days. Strain gages on the bottom of the 
lower flange enncrete indicated a concrete plastic flow of between 53 per-
cent and 105 percent of the original elastic strain in four days. Con-
siderable prestress loss in the four da" period is indicated_, even if no 
quantitative reliance is placed upon the data. 
Because of the poor quality of the prestress loss data, no rec-
ommendations are made concerrr e amount of prestress loss which may 
be expected x-jhen using the preflex method. It should be mentioned, how-
ever, that prestress loss was extremely high on the beams tested. 
Stresses caused by applied loads.—Measured stresses caused by changes 
in load on beams #2 and #3 agreed fairly well with changes in stresses 
computed by the elastic theory. In general, agreement was better for 
beam #2 than for beam #3» For beam #2, the maximum variation between 
measured and computed stresses in steel was 28 percent and in concrete 
31 percent. For beam #3, the maximum variation between measured and 
computed stresses, was, in steel, b.h percent and in concrete, 12 per-
cent. variations were much smaller than the maximum variati 
Agreement between stresses measured and stresses computed is ̂ ood 
enough tn allow preflexed beams to be designed for their working loads 
by the elastic theory. If conventional allowable stresses are used in 
the design of preflexed beams, the safety factors inherent in those 
allowable stresses wi1! offset the un: een actual stres 
and design stresses. 
Advantages of Preflexed Beams 
Results of the tests described herein indicate that preflexed 
beams, when loaded with working loads, have several advantages over plai 
steel joists encased in concrete. Prefixed beams, when compared with 
non-preflexed beams, exhibit less cracking, less deflection, and less 
strain, When loaded to the ultimate, however, preflexed beams exhibit n 
advantages over non-preflexed beams. 
distance to cracking.—As inrticated by the loads at which cracking of 
lower flange concrete occurred, the preflexed beams supported over twice 
the load, without cracking that the non-preflexed beam supported. 
Also, when loads were removed in the course of load tests on the beams, 
cracks in the preflexed beams closed completely, while cracks in the non 
preflexed beam did not. This fact indicated that an occasional overload 
would not permanently crack the preflexed beam as it would the plain bea 
It may be concluded that the cracking load was more than doubled by pre-
flexing. 
Beam stiffness.—At working loads, preflexin^ increased beam stiffness, 
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When loaded with the working load, beam #2 experienced 17 percent less 
center deflection than the non-preflexed control beam. With no upper 
flange concrete in place, preflexed beam #3 experienced 17 percent less 
deflection than a plain 8 WF 17 steel beam. 
At loads less than the initial cracking load of 20,000 pounds, 
the preflexed beams evidenced an even greater increase in stiffness. 
At 20,000 pounds, beam #2 experienced 2$ percent less deflection than 
beam #1, and beam #3 experienced 2f> percent less deflection than a plain 
8 WF 17 steel beam# 
Preflexed beams are, therefore, most efficient regarding deflec-
tion if they are loaded so their lower flange concrete remains uncracked. 
Deflection for a given load was reduced 2$ percent when the beam remained 
uncracked, and was reduced only 17 percent after the beam had cracked. 
Loads vs. deflections for all beams are plotted and compared in Figure 2U. 
Beam strain.—For any applied load, strain in the preflexed beam §2 
was smaller than similar strain in the control beam. The reduction in 
strain was greatest in the lower steel flange, and least in the upper 
steel flange. Again, the reduction in strain was greater for loads 
smaller than the cracking load, than for loads larger than the cracking 
load. 
At a load of 20,000 pounds, beam #2 experienced 59 percent less 
strain in the lower steel flange than beam #1. At the working load of 
28,900 pounds, the difference was only U0 percent. 
Cracking of the lower flange concrete did not visibly affect the 
strain in the upper steel flange. For any applied load to 1*0,000 pounds, 
beam §2 had between six percent and seven percent less strain in the upper 
steel flange than beam #1. 
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Concrete strain in the upper flange was reduced a maximum of 38 
percent by preflexing. Concrete strain in the lower flange became con-
stant after the lower flange concrete cracked, and no comparison of 
strain was made. 
When beam #3 was compared with beam #2, the only significant dif-
ference in strain was in the upper steel flange. Since beam #3 had no 
concrete around this flange, the strain was much greater. At working 
loads the upper steel strain in beam #3 was 330 percent of that in beam 
#2. Beam #3 eventually failed by lateral buckling of the upper steel 
flange without developing the ultimate compressive strength of the flange. 
That failure indicates that concrete should be placed around the compression 
flange to prevent buckling, even if it is not needed to resist direct 
compression. 
It was proven by the strain measurements that preflexing in-
creases beam stiffness by reducing the strain on the lower steel flange 
of the beam. It was also proven that concrete must be placed around the 
compression flange to prevent buckling, if the full potential strength 
of a preflexed beam is to be developed. 
Ultimate load.—Preflexing did not increase the ultimate strength of any 
beam tested. There was a difference of only 100 pounds between the 
ultimate loads of beam #1 and beam #2. After the prestressed lower flange 
concrete cracked, the prestressed beams behaved exactly like the non-
prestressed beam. After the applied load became larger than the crack-
ing load, all advantages of prestressing were lost, and the two beams 
behaved alike. Tension cracks became longer as the load increased, until 
the compression concrete, reduced in area, failed. Tension cracks ran 
horizontally along the joint between upper and lower concrete. These 
cracks indicated relative movement between the two masses of concrete, 
and hence a bond failure between steel and concrete• 
In beam #3, ultimate failure occurred by lateral buckling of the 
upper steel flange. After the prestressed lower concrete cracked, this 
beam acted as a plain steel beam. Lateral bracing of the compression 
flange would have increased the ultimate load considerably. 
These tests proved that preflexing does not increase the ultimat 
strength of a beam, but it does increase allowable working loads by re-




As a result of the tests conducted on preflexed beams, several 
conclusions were reached. Based on these conclusions, recommendations 
are made concerning a tentative procedure for the design of preflexed 
beams, and concerning additional research which is felt to be necessary. 
Design Method 
The tests indicated that preflexed beams may be designed using 
the elastic theory in combination with usual allowable working stresses. 
It is recommended that all preflexed beams designed by the elastic theory 
be made to conform to the specifications contained in either the 1951 
ACI Building Code, or the I9U0 Joint Code, insofar as is possible. 
Materials.— For greatest efficiency, high strength steel and quality 
concrete should be used in the construction of preflexed beams. The 
steel should be similar to structural nickel steel (A.S.T.M.-A8-U6), or 
Mayari R manufactured by Bethlehem Steel Co. (See Appendix A, Table 3.) 
Concrete which is to be prestressed should have a 28 day cylinder 
strength of 6000 - 7000 p.s.i. Concrete which is to be placed around the 
compression flange of the steel and will not be prestressed should have 
a 28 day cylinder strength of 2^00 - 3000 p.s.i,, since its most important 
function is to brace the steel compression flange. 
The concrete which is to be used in the construction of the pre-
sure that it has the strength and elastic properties specified by the 
designer. This is especially important in the case of the modulus of 
elasticity of the high strength concrete which is to be prestressed. T 
normal expression for the modulus of elasticity, ECJ as given by the ex-
pression: 
Ec = 1 0 0° f'c (8) 
does not apply to high strength concrete. An expression developed by 
Sutherlund and Reese for E_: 
c 
E c = 1,800,000 U60 f• (9 
gives better results for high strength concrete, but is still not too 
reliable. (12) If at all possible, Ec should be determined by stress 
strain tests made on the concrete to be used in the preflexed beams. 
Allowable stresses.—Allowable concrete stresses, both during preflexin 
and during the service life of preflexed beams should be limited to h$ 
percent of the 28 day cylinder strength, as required by the ACI and 
Joint Codes* Stresses higher than this will result in excessive plasti 
flow and loss of prestress, and possibly in an unsafe structure. 
Allowable steel stresses may be increased during preflexing to 
75 percent of yield strength, if preflexing loads are applied by jacks. 
The allowable stress here is limited by lateral deflection of the un-
braced compression flange, and not by beam failure. These high stresse 
are permitted at preflexing, because the preflexing loads can be 
accurately predicted and closely controlled. If these loads are applie 
by jacking, as recommended, beam failure would result only in the in-
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ability of the beam to resist the full preflexing load. A dangerous con-
dition would not result. If the compression flange could be adequately 
braced, there is no reason why the beam could not be stressed to 100 per-
cent of its yield strength during preflexing* Also, if properly designed, 
the preflexing load is the greatest load which will ever be applied to 
the beam, and it is applied when the beam has its smallest moment re-
sisting capacity. 
Allowable steel stresses caused by working loads should be limited 
to SS percent to 60 percent of the yield strength, or 30,000 p.s.i. for 
nickel steel and Mayari R. 
Computation of stresses.—-The design of a preflexed beam by the elastic 
theory is done by trial and error. With the span and working loads known, 
a steel beam is chosen which will carry those loads with maximum stress 
of 75 percent of the yield stress. The working loads become the pre-
flexing loads, and are applied to the steel beam so that the working load 
moment diagram is duplicated. Steel stresses, f caused by the pre-
s 
flexing load are computed for the beam chosen, by 
f
s = r <
10> 
A trial area of concrete is then placed around the tension flange 
of the preflexed steel beam. Knowing the moduli of elasticity of con-
crete, E£, and of steel E^, the modular ratio, n!, is computed by the 
expression 
n' = |f (7) 
C 
Knowing the modular ratio, n, the trial cross section of steel 




















Computation of Equivalent Steel Section 
Figure 3h 
Location of the centroidal axis, y J and the moment of inertia, I, are 
computed for the transformed section. Knowing these properties, the 
changes in stress caused by removing the preflexing load are computed in 
the steel by the expression 
M'c1 ft - tl-li 
s Ii 
(11) 
and in the concrete by the expression 
fi - M'c' 
c ' I' n« 
(12) 
u 
- He M!c 
f 
c u 
If the maximum compressive stresses in the concrete exceed 0.h5 f^, 
larger concrete area must be assumed, and the process repeated. This 
is continued until a concrete area is obtained which will not be over-
tressed by the removal of the preflexing load. Then, by adding the 
change in stress caused by removing the preload, f^ to the stress 
riginally caused by applying the preload fg to the steel, (zero in con-
rete) we obtain the stress in both steel and concrete after the pre-
oad is removed. Mathematically we have 
( 1 3 ) 
Mfnl 
(lit) 
here the subscript "s" refers to steel, and "c" refers to concrete. 
Tension is considered positive and compression negative. 
The next step is to design the upper flange concrete. This will 
ormally be poorer quality than the lower flange concrete, and therefore 
have a higher modular ration n". The procedure is the same as for de-
igning the lower flange concrete. A trial section is assumed, an 
equivalent steel section obtained, and the location of the neutral axis, 
Yt and the moment of inertia 1"^ computed. Then, the changes in stress, 
f", caused by applying the working load are computed for the steel by the 
expression 
f« - M»c» 
fs " I " - (15) 
nd for the concrete by 




If the maximum changes in stress in the upper flange concrete exceed 
O.U5 f'j a larger concrete area must be assumed and the process re-
peated until acceptable stresses are obtained. The final stresses 
obtained under working load are expressed by: 
_ Mc_ M'c' M"c" 
• i ' * — + -^r 
- 0 JL° + ^IIl2_ for iowr>r flange concrete 
c
w I'n
1 IMn' w 
fit = 0+0 + !t L 
c Inn" for upper flange concrete (19) 
w 
So far, the design procedure has neglected the effects and mag-
nitude of prestress loss which takes place at a gradually diminishing 
rate after the removal of the preflexing load. Steel strain readings 
indicated a loss of UO percent to 60 percent of pretension in the lower 
flange in four days. Measured concrete strain at cracking loads indicated 
a loss of 30 percent of the initial prestress. On the basis of the lijnited 
tests made, a prestress loss of at least I4O percent should be allowed for 
in the design of preflexed beams. The value of ltO percent is extremely 
tentative, and should not be relied upon without conducting further re-
search. On the basis of present knowled-e, however, it is the value 
which should be recommended. 
This means that only 60 percent of the initial concrete prestress 
will be available to resist tension in the lower flange. Fevising 
equations 17, 18, and 19, we haTe 
l ̂  
f
B
 =0-6tr-+ifj+ i f 
f- = 0 . 6 ^ + ^ 
w I|n' I»n» 
f» = M»c» 
C T" 
W X 
Need for Additional Research 
There is a great need for additional research into the problem of 
prestress loss in preflexed beams. The tests described in this thesis 
produced little reliable information about it. It is felt that the 30 
to 60 percent loss indicated by the tests is excessive. Prestress loss 
normally is about 10 percent or 13 percent in conventional prestressed 
concrete. Long time strain and deflection readings on unloaded preflexe 
beams would probably indicate the true amount of prestress loss which 
occurs in preflexed beams. It is recommended that bond and shrinkage 
conditions be investigated over a long period of time to determine their 
effects on prestress loss. 
In any future preflexed beams constructed for test purposes, it 
is suggested that full sized beams be employed on spans of thirty or 
forty feet. Also larger sized aggregate should be used than the 3/B 
maximum size employed in these tests. The use cf high early strength 
concrete speeds the construction of preflexed beams, but the concrete 
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Preflexed Beam Test Data 
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Table 1*. Measured Stresses and Strains Caused by Preflexing Beam Number 2 
















C 0 0 0 0 
28,900 -1320 -39,600 1330 39,900 860 25,800 Preflexing Load 
28,900 -13hh -1*0,300 1332 1*1,1*00 879 26,1*00 Preflexing load 
applied for a week 
0 - 55 - 1,600 695 20,800 560 16,800 Preflexing load 
removed 
C - 1*2 - 1,300 Ml 11*, 100 1*13 12,BOC 2 day prestress 
loss 
0 - 36 - 1,100 U23 12,700 392 11,800 1* day prestress 
loss 
0 - 2,900 U2U 12,700 319 9,600 6 day loss-top 
flange concrete 
applied 
0 - 8 200 1*91* lh,800 1*00 12,000 9 day loss-top 
concrete applied 
Table U. Continued 
Lead 
(lbs) 




Gages 9 & 10 Gages 11 & 12 
Stress Strain Stress Strain Stress 






























0 Preflexing load 
applied for one 
week 
-2690 Preflexing load 
removed 
2 day pres t ress 
loss 
U day pres t ress 
loss 
6 day loss- top 
concrete applied 
concrete anr?l^ rjd 
Table 5» Measured Stresses and Strains Caused by Preflexing Beam Number 3 
Load Gages 1 & 2 Gages 3 & U Gages 5 & 6 Remarks 
(lbs) Strain Stress Strain Stress Strain Stress 
(Micro- (p.s.i,) (Micro- (p.s.i.) (Micro- (p.s.i.) 
in/in) in/in) in/in) 
0 0 0 c 0 0 0 
28,900 -XUX5 -U2,U00 1350 40,500 93li 28,000 Preflexing load 
28,900 -1350 -U0,500 1263 37,800 791 23,700 Preflexing load 
applied for one 
week 
0 - 123 - 3,700 708 21,300 556 16,700 Preflexing load 
removed 
0 - 2Ul - 7,200 382 11,500 239 7,200 2 day prestress 
loss 




Table No. 5 Continued 
Load Gages 7 & 8 Gages 9 & 10 Gages 11 & 12 Remarks 








0 0 0 0 0 0 
23,900 586 17,600 Preflexing load 
26,900 5U3 16,300 0 0 Preflexing load 
applied for one 
week 
0 U8U 1U,500 -113 -310 -1073 -2950 Preflexing load 
removed 
191 5,730 -39$ -1085 -XU37 2 day prestress 
loss 





Table 6. Strains in Beam #1 Caused by Load Test 
Load in 
pounds 
Measured Strain in 
Gage 
1 & 2 3 & k 
Micro-inches/inch 
# 
$ & 6 7 & 8 13 & m 
0 0 0 0 0 
10,100 - 155 339 2U1 183 - 220 
19,900 - 280 980 690 520 - 580 
30,000 - U89 1209 885 690 - 917 
U0,000 - 66U 1568 1165 865 -1155 
50,000 -110U i860 5605 3305 -2022 
60,000 -1300 63U5 U010 -2228 
0 - 370 U5U0 2770 - 89U 
9,860 - 528 U860 3000 -1116 
1U,700 - 631 SOOli 3111 -1277 
30,100 - 877 5U62 3U37 -1617 
Uo,ioo -101U 5765 3652 -1868 
li9,8oo -12.9k 6100 3887 -209U 
62,200 -1371 6535 U196 -2Lv06 
- U08 hlho 3390 - 910 
10, It 00 - 586 5036 3601* -1189 
20,U00 - 759 5337 3823 -UJi2 
30,300 - 933 56U0 U030 -1681 
ii0,U00 -1099 59U6 U250 -1939 
50,700 -125U 6290 UU93 -2230 
60,500 -1U17 6710 U805 -21*02 
66,800 Ultimate Load 
82 
Table 7. Strains in Beam #2 Caused by Load Test 
Load 
(lbs) 
Measured Strain in Micro-inches/inch 
Gage # 
1 & 2 3 & U 5 & 6 7 & 8 9 & 10 : LI fir 1 2 13 & m 
0 0 0 0 0 0 
5,000 - 60 65 UO 30 Uo 130 - 70 
10,000 - mo 135 90 60 75 190 - 160 
15,000 - 215- 220 150 90 125 3U0 - 225 
20,000 - 295 315 210 1U0 180 590 - 360 
25,000 - 380 535 370 275 220 630 - U95 
0 - 25 Uo UO 30 75 225 15 
25,000 - 385 9x5 380 280 220 605 - U85 
30,000 - U65 715 500 370 220 660 - 605 
35,000 - 550 9U5 670 500 205 660 - 755 
Uo,ooo - 6U5 1130 810 610 205 660 - 860 
U5,ooo - 735 1375 990 755 205 660 -1010 
50,000 - 835 1685 1250 960 195 660 -1175 
0 - 55 2U0 120 105 1U0 - 15 
50,000 - 860 1750 1280 995 1U5 -1205 
55,000 - 965 1980 1580 1395 195 -1515 
60,000 -1170 2200 1970 2330 360 -2XU5 
66,700 Ultimate Load 
Load 
(lbs) 
Measured Strain in Micro-inchi 
Gage # 
1 & 2 3 & U 5 & & 7 & 8 
ss/inch 
9 a io 11 & 12 
0 0 0 0 0 
5,000 - 205 75 25 - 5 15 120 
10,000 - UOO 150 SS 0 20 270 
15,000 - 605 235 0 25 375 
20,000 - 805 320 135 o 515 
0 - 10 5 5 5 20 0 
20,000 - 815 325 iks 10 55 530 
25,000 -1035 520 265 90 30 605 
30,000 -1285 780 Ui5 200 liO 525 
35,000 -i5io 1000 600 295 35 515 
ii0,000 -2095 1230 750 380 5 515 
0 - 385 - 1*0 - 15 - 25 5 - 15 
Uo,ooo -2130 1255 780 loo 10 105 
U5,ooo -2690 1520 9U0 U90 U35 
1*8,800 Ultimate Load 
Table 9, Beam Deflections Caused by Load Tests 
Bean #1 
Load Deflection in inches 
M Third 
*^ 
0 0.000 0.000 
10,000 0.106 0.095 
19,900 0.25U 0.229 
30,000 0.376 • 0.331 
b0,000 O.U99 0.UU8 
50,000 0.922 0,820 
60,000 
0 O.ltOO 0.350 
9,860 0.538 O.U75 
Hi,700 0.698 0.628 
30,100 0.862 0.671 
U0,100 0.936 0.805 
Beam #2 
Load Deflection in inches 
(lbs) t Third 
c 0.000 0.000 
5,000 0.057 0.055 
10,000 0.097 0,091 
15,000 0.138 0.128 
20,000 0.179 0.167 
25,000 0.2UU 0.22k 
0 0.017 0.015 
25,000 0.2U8 0.227 
30,000 0.300 0.27U 
35,000 0.362 0.331 
UO,000 0.1j27 0.388 
Beam #3 
Load Def l ec t ion i n i nches 
( l b s ) A Third 
K. p o i n t s 
0 0.000 0.000 
5,000 0.113 0.106 
10,000 O.lfiO 0.168 
15,000 0.2U5 0.228 
20,000 0.312 0.289 
0 0.005 0.000 
20,000 0.315 0.290 
25,000 O.hOO 0.368 
30,000 O.I189 O.I1U6 
35,000 0.582 0.530 
Table 9. Continued 
Beam #1 Beam #2 Beam #3 
Load 
(lbs) 













U9,300 US,000 O.I496 0.U52 U0,000 0.708 0.6U2 
62,200 50,000 0.581 0.527 
66,800 216 
0 0.065 0.062 r 0.0U8 0.059 
50,000 0.597 0.5UU Uo,ooo 0.716 0.650 
55,000 0.718 0.6I47 U5,000 0.862 0,793 




Table 1 0 . Changes i n S t r e s s e s Computed from Measured S t r a i n s 
Load Computed S t r e s s e s i n p # s » i . a t Gages: 
( l b s ) 
1 & 2 3 & h 5 ?6 7 & 8 9 & 10 11 & 12 13 & 11 
Beam #1 
0 0 0 0 0 0 0 0 
20,000 - 8,U00 29,U00 20,700 15,600 -1330 
30,000 - l b , 7 0 0 36,300 26,600 20,700 -2110 
U0,000 -19,900 U7,000 35,000 25,900 -2680 
Beam #2 
0 . 0 0 
20,000 - %800 9,h00 
25,000 -11,100 16,100 
0 0 0 0 o 
6,300 U,200 5oo 16U0 - °30 
9,100 8,200 610 1750 - l iUo 
.5,000 11,100 610 18U0 -1390 
lj,300 18,300 18UC - 1 0 0 ^ 
Beam ft3 
0 0 0 o 0 0 
20,000 2U,300 9,600 h, 100 300 110 Hi30 
25,000 30,100 15,600 7,900 2,700 53 1680 
30,000 38,700 23,U00 13,300 6,000 110 lh60 
U0,000 63,000 36,900 22,500 11,U00 0 li*30 
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S^'EEIL SI' HS.SS , fc 
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GS G x 14-. | 
f s = 3 ^ , Q O O i £ 
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Ac --- 4- 6 - I = 4 7 in
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SIT I CO fO 1 !<f 
•As» 5" m
2 , 
4 . 3 i n * 
O, 
, V2 1L* 
- 4 -U 
EQUIVALENT STE E L S ECTIOJ1 
TRANS FC k^E-O S E - C T I L N MOMENT c r ilNEKTm ( X 
b o 3 _ 12. X 4 3 = *- 0 
A d * - 4 . 3 x 2 3 6 2 = a 4 . £" 
I + - ?_3_.JLL£ 
' A P L C 7 Z 6 9 0 0 x ^ . 0 X 1 2 . '.to-, ?& 
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